Human parainfluenza virus type 1 (HPIV1) is a significant cause of respiratory tract disease in infants and young children for which a vaccine is needed. In the present study, we sought to attenuate HPIV1 by the importation of one or more known attenuating point mutations from heterologous paramyxoviruses into homologous sites in HPIV1. The introduced mutations were derived from three attenuated paramyxoviruses: (i) HPIV3cp45, a live-attenuated HPIV3 vaccine candidate containing multiple attenuating mutations; (ii) the respiratory syncytial virus cpts530 with an attenuating mutation in the L polymerase protein; and (iii) a murine PIV1 (MPIV1) attenuated by a mutation in the accessory C protein. Recombinant HPIV1 (rHPIV1) mutants bearing a single imported mutation in C, any of three different mutations in L, or a pair of mutations in F exhibited a 100-fold or greater reduction in replication in the upper or lower respiratory tract of hamsters. Both temperature-sensitive (ts) (mutations in the L and F proteins) and non-ts (the mutation in the C protein) attenuating mutations were identified. rHPIV1 mutants containing a combination of mutations in L were generated that were more attenuated than viruses bearing the individual mutations, showing that the systematic accretion of mutations can yield progressive increases in attenuation. Hamsters immunized with rHPIV1 mutants bearing one or two mutations developed neutralizing antibodies and were resistant to challenge with wild-type HPIV1. Thus, importation of attenuating mutations from heterologous viruses is an effective means for rapidly identifying mutations that attenuate HPIV1 and for generating live-attenuated HPIV1 vaccine candidates.
Human parainfluenza virus type 1 (HPIV1) is a member of the Paramyxovirinae subfamily of the Paramyxoviridae family of the single-stranded negative-sense RNA viruses that also includes HPIV2, HPIV3, HPIV4A, and HPIV4B (3). HPIV1, Sendai virus (a murine PIV1 [MPIV1]), and HPIV3 are classified in the Respirovirus genus. HPIV4 and HPIV2 are members of the Rubulavirus genus. The Paramyxoviridae family also contains a second subfamily of viruses, Pneumovirinae, that consists of the Pneumovirus and Metapneumovirus genera, including, respectively, human respiratory syncytial virus (RSV) and the recently identified human metapneumovirus (54) .
HPIV1 causes severe respiratory tract illness that can lead to the hospitalization of infants and young children. HPIV1 is the principal etiologic agent of croup and, less frequently, can cause pneumonia and bronchiolitis (3) . Infection with parainfluenza viruses is commonly accompanied by the secondary complication of otitis media (23) . RSV, HPIV1, HPIV2, and HPIV3 have been identified as the principal etiologic agents responsible, respectively, for 23.3, 6.0, 3.2 and 11.5% of pediatric hospitalizations for respiratory tract diseases (3, 7, 23, 24, 33, 41) . Together, they account for up to half of all hospitalizations of infants and young children for respiratory disease. RSV and the HPIVs are also receiving increasing recognition as important causes of respiratory tract disease in adults (1, 6, 14, 26, 31, 32) . Thus, there is a need to produce vaccines against these viruses that can prevent the serious lower respiratory tract disease and the otitis media that accompanies their infections. The present study focuses on the development of mutations that would be useful in a live-attenuated HPIV1 vaccine.
The genome of the Washington/20993/1964 strain of HPIV1 (HPIV1/Wash/64) is 15,600 nucleotides in length and has an organization similar to that of the other members of the Respirovirus genus (39) . The ribonucleocapsid-associated proteins include the nucleocapsid protein (N), the phosphoprotein (P), and the large polymerase (L) that carry out transcription and replication. The organization of the HPIV1 P gene is most closely related to that of MPIV1 (34, 39, 40, 42) . Similar to that of MPIV1, the P gene of HPIV1 contains an alternative open reading frame (ORF) with several alternative translational start sites encoding a set of up to four C-terminal nested proteins, the CЈ, C, Y1, and Y2 proteins that appear to be interferon antagonists (17) . The P gene of MPIV1 encodes another protein, called V, by yet another alternative ORF that is accessed by cotranscriptional editing, which is represented in HPIV1 by a relic ORF that is interrupted by stop codons, is not accessed by RNA editing, and thus does not appear to be expressed (3) . The internal matrix protein (M) and the major protective antigens, the fusion protein (F) and the hemagglutinin-neuraminidase glycoprotein (HN), are the envelope-associated proteins. The gene order from the 3Ј end is N, P/C, M, F, HN, and L.
Wild-type recombinant HPIV1 (rHPIV1) has recently been recovered from a full-length antigenomic HPIV1 cDNA (39) , providing a starting point for developing attenuated vaccine candidates by reverse genetics. One method for rapidly developing attenuated mutations via reverse genetics is importing one or more known attenuating mutations identified in a heterologous virus into the homologous positions of the virus of interest, in this case HPIV1, using sequence alignments as a guide. For example, we recently showed that attenuating mutations identified in RSV or MPIV1 could be imported into HPIV3 to yield attenuated HPIV3 derivatives (12, 49) . Since attenuating mutations were not known or available for HPIV1, we attempted to similarly attenuate HPIV1 by the importation of a number of previously identified attenuating mutations of both the ts and non-ts varieties from several other heterologous paramyxoviruses representing both subfamilies.
The mutations for importation into HPIV1 were chosen from three diverse paramyxoviruses: (i) the HPIV3 candidate vaccine HPIV3cp45 (2, 30, 46) , (ii) the attenuated cpts530 RSV mutant, (5) , and (iii) an attenuated strain of MPIV1 (16, 25) . The HPIV3cp45 mutant was chosen as a donor of mutations since it is a promising HPIV3 candidate vaccine currently in phase II clinical trials that is attenuated in both the upper and lower respiratory tract of experimental animals and susceptible humans and for which the attenuating mutations have been identified (29, 45, 46) . These mutations include three temperature-sensitive (ts) attenuating point mutations in the L polymerase gene, one non-ts attenuating point mutation in the C gene, and a set of two mutations in the F gene that together confer the non-ts attenuation phenotype (46) . As described in the present paper, importation of the complete set of HPIV3cp45 mutations into HPIV1 did not yield viable virus, and thus, the cp45 mutations were introduced into HPIV1 individually or as small subsets. The ts attenuating F521L mutation in the L protein of the RSVcpts530 mutant was also chosen for importation into HPIV1, since the wild-type amino acid assignment at the homologous position of the L protein is conserved in over 14 other paramyxoviruses, including viruses from each paramyxovirus genus (49) . Importation of this RSV mutation into the homologous position of the L protein of wild-type HPIV3 specified ts and attenuation (att) phenotypes, and it also augmented the level of attenuation and temperature sensitivity of HPIV3cp45 (49) . The attenuating point mutation in the C protein of MPIV1 (F170S) was also chosen for importation into HPIV1, since this mutation was previously shown to specify a non-ts attenuation phenotype when introduced into a heterologous HPIV3 backbone (12) . We specifically sought to import both ts and non-ts attenuating mutations into rHPIV1, since live-attenuated vaccine viruses containing both ts and non-ts attenuating mutations are phenotypically more stable following in vitro and in vivo replication than those containing only ts mutations (22, 37) . In the present study, both ts and non-ts mutations in the C, L, or F protein were identified that attenuated HPIV1 for hamsters. Thus, the importation of attenuating mutations previously characterized in heterologous paramyxoviruses into HPIV1 can be used to rapidly identify mutations that attenuate HPIV1 and to generate potential live-attenuated HPIV1 vaccine viruses.
MATERIALS AND METHODS
Viruses and cells. LLC-MK2 cells (ATCC CCL 7.1) and HEp-2 cells (ATCC CCL 23) were maintained in Opti-MEM I (Gibco-Invitrogen, Inc., Grand Island, N.Y.) supplemented with 5% fetal bovine serum (FBS) and gentamicin sulfate (50 g/ml) or in Dulbecco minimal essential medium (Quality Biological, Inc., Gaithersburg, Md.) supplemented with 10% FBS, gentamicin sulfate (50 g/ml), and 2 mM glutamine (Gibco-Invitrogen, Inc.). The recombinant HPIV3 wildtype strain JS (rHPIV3) (11), the recombinant JS-derived HPIV3cp45 vaccine candidate (rHPIV3 cp45) (46) , and an rHPIV3 containing cp45-derived mutations in the F protein (46) were grown in LLC-MK2 cells as previously described (11, 22, 46) . The biologically derived HPIV1 wild-type strain HPIV1 Wash/64 (HPIV1 wild type) (38) , a wild-type rHPIV1 (39) , and rHPIV1 mutants were grown in LLC-MK2 cells in the presence of added trypsin as described elsewhere (39) .
Sequence comparison to identify ts and non-ts attenuating mutations from MPIV1, RSV, and HPIV3 to be imported into rHPIV1. Regions of HPIV1 and other paramyxoviruses were aligned using Clustal W alignment (53) with the MacVector program (Accelrys, San Diego, Calif.) and the GAP program of the Wisconsin Package, version 10.2 (Accelrys). The nucleotide and protein sequences of HPIV1 (GenBank accession no. AF457102) was compared to that of HPIV3 (GenBank accession no. X57559) in order to identify which of the 15 mutations could be imported from HPIV3cp45 (GenBank accession no. U5116). To identify the homologous region in the HPIV1 C protein in order to introduce the non-ts attenuating F170S point mutation from the C protein of MPIV1 strain MVC11 (16, 25) , the C protein sequence was aligned with those of the MPIV1 Z strain (GenBank accession no. M30202) and HPIV3. The attenuating F521S ts point mutation in the L protein of RSV (28) was identified in HPIV1 by sequence comparison among HPIV3, HPIV1, and other paramyxoviruses (49) . The specific changes made to the nucleotide or amino acid sequence in rHPIV1 to import the mutations from HPIV3, MPIV1, and RSV are indicated in Fig. 1 and Table 1 .
Construction of point mutations in the HPIV1 antigenomic cDNA. Subgenomic clones of rHPIV1 (39) were used to introduce mutations from the HPIV3 cp45 vaccine candidate (21, 22, 30, 46) , the MVC11 mutant of MPIV1 (16, 25) , and the RSV mutant, cpts530 (9, 28) . The mutations were introduced into the appropriate subgenomic clone (39) using a modified PCR mutagenesis protocol described elsewhere (35) with the Advantage-HF PCR kit (Clontech Laboratories, Palo Alto, Calif.). The subgenomic clone containing the mutation was then sequenced for the entirety of the region that had been PCR amplified by using a Perkin-Elmer ABI 3100 sequencer with the BigDye sequencing kit (Perkin-Elmer Applied Biosystems, Warrington, United Kingdom) to confirm that the subclone did not contain any extraneous mutations introduced during PCR amplification. Full-length HPIV1 cDNAs containing the mutations were assembled using standard molecular cloning techniques, and the appropriate region was sequenced again as described above to ensure that the full-length HPIV1 cDNAs contained the engineered mutation.
Construction of HPIV3 antigenomic cDNA bearing individual HPIV3cp45 F gene mutations. The two mutations in the F gene of HPIV3cp45 (Table 1) were introduced individually into the complete HPIV3 antigenomic cDNA by sitedirected mutagenesis. Point mutations were introduced into a subgenomic HPIV3 fragment using mutagenic oligonucleotides with the Transformer Mutagenesis kit (Clontech), and a full-length antigenomic cDNA bearing either the F protein I420V or the A450T codon substitution was assembled as described previously (45, 46) . When possible, each cp45 change was engineered to be accompanied by a proximal, transcriptionally silent nucleotide substitution that introduced a restriction enzyme recognition site, which served as a marker to confirm the presence of the mutation in the cDNA and in the recovered virus.
Recovery of rHPIV1 and rHPIV3 mutant viruses. Recovery of each mutant rHPIV1 virus and mutant rHPIV3 virus containing one or both of the mutations imported from the HPIV3cp45 F protein was performed at the permissive temperature of 32°C as described previously for rHPIV1 and rHPIV3 (39, 46) . To confirm that recovered recombinant viruses containing the appropriate mutations were rescued from cDNA, viral RNA (vRNA) was isolated as described previously (39) and was amplified by reverse transcription (RT)-PCR by using either the SuperScript First-Strand Synthesis system or the Thermoscript RT-PCR system (Invitrogen, Inc.) for the RT step and either the Advantage cDNA PCR kit (Clontech Laboratories) or the Herculase Enhanced Polymerase Blend (Stratagene, La Jolla, Calif.) for the PCR step according to protocols specified by the manufacturers. Sequence analysis was performed as described above. In several instances, recovered viruses did not contain the intended mutations in the L gene, suggesting that the viruses were derived from a cDNA that had recombined with the pTM(L 1 ) support plasmid during the rescue. Therefore, support plasmids containing the appropriate L gene mutations were used for the recovery of mutant recombinants from cDNA. rHPIV1 mutants that were successfully recovered were biologically cloned by two rounds of serial terminal dilutions using LLC-MK2 monolayer cultures in 96-well plates (Costar; Corning Inc., Corning, N.Y.). The presence of the introduced mutation in each biologically cloned rHPIV1 mutant was confirmed by sequence analysis of vRNA using RT-PCR as described above.
Replication of mutant rHPIV1s in LLC-MK2 cells at various temperatures. The ts phenotype for each of the mutant rHPIV1 viruses was determined by comparing its level of replication to that of rHPIV1 at 32 and 36 through 40°C as described previously (50) . Briefly, each virus was serially diluted 10-fold in 96-well LLC-MK2 monolayer cultures in L-15 media (Quality Biologicals or Gibco-Invitrogen, Inc.) containing trypsin and antibiotics. Replicate plates were incubated at the temperatures indicated above for 6 days, and virus-infected cultures were detected by hemadsorption with guinea pig erythrocytes. The virus titer at each temperature was determined in two to six separate experiments and is expressed as the log 10 50% tissue culture infectious dose per milliliter (TCID 50 /ml). The reduction in titer at elevated temperature was compared to the titer at 32°C, and a mean reduction in titer was determined. The shutoff temperature of an rHPIV1 mutant is defined as the lowest temperature at which the reduction in virus titer compared to its titer at 32°C was 100-fold greater than that of wild-type rHPIV1 at the same temperature. A mutant is defined as temperature sensitive if its reduction in replication at 40°C, i.e., the titer at 32°C minus that at 40°C, is 100-fold or greater than that of wild-type rHPIV1. As a reference in some experiments, rHPIV3 wild type (11) and rHPIV3 cp45 (46) were concurrently tested as described above except that trypsin was not added and the final concentration of FBS was 5%.
For rHPIV3 viruses bearing one or two of the HPIV3cp45 mutations imported from the F protein (I420V and A450T), the level of temperature sensitivity was determined by plaque enumeration at the set of temperatures described above. (16, 25) is represented by a F symbol, and the F456L mutation imported from the RSV cpts530 mutant (27) is represented by a ƒ symbol. The individual mutations or sets of mutations that were imported into HPIV1 are indicated by the numbers 1 through 11 and correspond to the numbered sequence alignments in panel B below. (B) Sequence alignments are provided among HPIV1 wild-type, HPIV3 wild-type, and HPIV3 cp45 for all alignments except for mutations no. 3 and no. 8, for which the parents of the mutations were MPIV1 MVC11 and RSVcpts530, respectively. For mutations in the 3Ј leader region, the sequence is presented as positive-sense cDNA, and nucleotide numbering is shown at the top relative to the 3Ј end of the genome. For the other mutations, alignment of the appropriate protein sequences is shown. The number in parentheses flanking each amino acid sequence segment indicates the position of the residue at the beginning and end of the segment, respectively, in the complete amino acid sequence. The top sequence in each alignment indicates the change(s) that were made to rHPIV1, the next sequence is that of wild-type rHPIV1, the next is of the wild-type heterologous virus (e.g., HPIV3cp45, MPIV1, or RSV), and the last is of the mutant heterologous virus. Each rHPIV1 residue shown in bold type was altered to match the corresponding residue in the mutant heterologous virus. WT, wild-type; mut, mutation.
HPIV3 plaques were identified by immunoperoxidase staining with HPIV3 HN protein monoclonal antibodies, as described previously (46) .
Replication of rHPIV1 mutant viruses in the respiratory tract of hamsters and challenge with wild-type HPIV1. Four-to five-week-old Golden Syrian hamsters were inoculated intranasally with 0.1 ml of L-15 medium containing 10 6.0 TCID 50 of a wild-type or mutant HPIV. Lungs and nasal turbinates were harvested on day 4 postinfection, and the titer of virus was determined as previously described (39) . The mean log 10 TCID 50 /g was calculated for each group of six hamsters. With some of the viruses, the experiment was performed two or three times to give a total of 12 or 18 hamsters, respectively, in a group. In a separate experiment, groups of 6 or 12 hamsters were infected with 10 6 TCID 50 of wild-type rHPIV1 or one of the mutants, serum samples were collected at 3 to 4 weeks, and the animals were challenged with 10 6 TCID 50 of the biologically derived HPIV1/ Wash/64 on either day 35 or 36 postimmunization. Lungs and nasal turbinates were harvested on day 4, and the virus titer was determined as described above. Determination of serum antibody response in hamsters. The level of HPIV1 antibodies in serum samples collected as described above was determined by using a neutralization assay. Twofold serial dilutions of hamster serum were combined with an equal volume of virus suspension containing approximately 150 TCID 50 of a modified rHPIV1 (rHPIV1-F RSV ) that served as a novel indicator virus. This modified rHPIV1 expressed the RSV fusion protein as an additional gene unit inserted upstream of the HPIV1 N gene (data not shown) and was generated in a manner analogous to that previously described for B/HPIV3-F RSV (43) . rHPIV1-F RSV expresses the RSV fusion protein at a high level, resulting in rapid syncytium formation, facilitating the detection of infected cultures without hemadsorption or immunostaining, and the sensitivity of this e The virus in which the original mutation was found is indicated, and the location of the nucleotide or amino acid changed in the original virus is also indicated. The amino acid carried by wild-type virus is indicated first, followed by its position in the protein and the mutant amino acid residue.
f Indicates whether the nucleotide or amino acid assignment in question was conserved between wild-type HPIV1 and wild-type MPIV1, RSV, or HPIV3.
virus to neutralization by HPIV1-specific antibodies is equivalent to that of wild-type HPIV1 (data not shown). The virus and serum mixture was incubated at 37°C for 1 h and transferred to LLC-MK2 monolayers in 96-well plates. After a 1-h adsorption period, the monolayers were washed twice to remove residual serum, and trypsin-containing Opti-MEM I was added. The cultures were incubated at 32°C for 5 days, and infected cultures were identified by the presence of syncytia. The neutralization titer is the dilution of serum at which 50% of the cultures were infected.
RESULTS
Introduction of ts and non-ts attenuating point mutations into rHPIV1. Wild-type HPIV1/Wash/64 was recently recovered from a full-length antigenomic cDNA (39) , making it possible to use reverse genetic methods to develop a liveattenuated HPIV1 vaccine. In order to do so, it would be necessary to identify mutations that could be introduced to yield attenuated HPIV1 derivatives. HPIV3, a member of the same Respirovirus genus, has a promising vaccine candidate, HPIV3cp45, that appears to be satisfactorily attenuated and immunogenic for infants and young children (30) . The mutations in the HPIV3cp45 vaccine candidate have been identified and characterized (45, 46) . Therefore, we first attempted to generate a live-attenuated recombinant HPIV1 vaccine candidate containing the complete set of ts and non-ts mutations imported from HPIV3cp45. The 15 mutations in HPIV3cp45 are indicated in Fig. 1A by large and small asterisks. Based on nucleotide and protein sequence alignments (Fig. 1B) , only 12 of these (Fig. 1A , large asterisks) could be imported into HPIV1. The remaining three HPIV3cp45 mutations (Fig. 1A , small asterisks), which include two noncoding mutations in the 3Ј leader at nucleotides 24 and 45 and an S389A coding change in the N protein ( Fig. 1 and Table 1 , mutation set no. 1), could not be imported into HPIV1 because the homologous positions in HPIV1 already have the same nucleotide or amino acid assignment as that of HPIV3cp45 (Fig. 1B) . Thus, of the seven HPIV3cp45 mutations in the 3 leader and N gene ( Fig.  1 and Table 1 , mutation set no. 1), only four could be imported into HPIV1, and these four were imported as a set.
For the 12 HPIV3cp45 mutations that could be imported into HPIV1, in five cases the wild-type assignment at the sequence position in question was not identical between HPIV1 and HPIV3, despite the overall conservation of each region based on sequence alignment: these five positions include nucleotide 28 in mutation set no. 1 and mutations no. 2, no. 6, no. 7, and no. 11 ( Fig. 1 and Table 1 ). Thus, the exact wild-type assignments of the homologous positions were not necessarily conserved between wild-type HPIV3 and HPIV1. Also, for the mutations involving the N, C, M, F, and HN proteins ( Fig. 1 and Table 1 , mutations no. 1, no. 2, no. 4, no. 5 and no. 7), the positions that were identified by sequence alignment as being homologous between HPIV3 and HPIV1 involve residues whose positions differ slightly by number in the corresponding amino acid sequences, whereas the noncoding nucleotide changes in the leader (part of mutation set 1) and coding changes in the L protein (mutations no. 9, no. 10, and no. 11) do correspond exactly by sequence position. These differences in wild-type assignment and spacing notwithstanding, the homologous position for each of the 12 imported mutations that was identified in HPIV1 by sequence alignment was modified to have the assignment of rHPIV3cp45.
Several attempts at recovering virus from an HPIV1 cDNA bearing all 12 of the mutations imported from HPIV3cp45 (rHPIV1 cp45 ) or from a recombinant containing all of the HPIV3cp45 mutations except for those in the L protein (rHPIV1 3Ј-N-C-M-F-HN cp45 ) did not yield viable virus, which contrasted with our previous experience with HPIV3, in which similar combinations of cp45 mutations were readily recovered to yield viable HPIV3 mutants that replicated efficiently at permissive temperature (46) . Thus, it apparently was not possible to isolate a viable rHPIV1 virus with the set of 12 HPIV3cp45 mutations or with the indicated subset of 9 of these mutations.
We therefore sought to generate viruses bearing single or small sets of HPIV3cp45 mutations to determine which individual HPIV3cp45 mutation or set of mutations might specify the attenuation phenotype in an rHPIV1 backbone. The single mutants or sets of mutants that could be successfully imported from HPIV3cp45 into viable rHPIV1 were as follows (Fig. 1B and Table 1 ): (i) mutation set no. 1, whose transferable mutations include two noncoding leader mutations, a noncoding mutation in the N gene start signal, and the V99A mutation in N; (ii) single mutations no. 2 (C protein, CS102T), no. 4 (M: P195T), no. 5 (F:I423V), no. 6 (F:S453T), no. 7 (HN:R386A), no. 9 (L:Y942H), no. 10 (L:L992F), and no. 11 (L:L1558I); (iii) a combination of the two F mutations (no. 5 plus no. 6); and (iv) three combinations of the L mutations, no. 9 plus no. 10, no. 10 plus no. 11, and no. 9 plus no. 10 plus no. 11. In addition, rHPIV1 viruses bearing the F170S mutation in the C protein from MPIV1 (mutation no. 3 in Fig. 1B) or the F456L mutation in the L protein from RSV (mutation no. 8 in Fig. 1B) were recovered. Each HPIV1 mutant was biologically cloned and grew to a reasonably high titer (Ն10 6.5 TCID 50 /ml) ( Table  2 ). The presence of the introduced mutations in the recovered viruses was confirmed by sequencing of RT-PCR products generated from vRNA (data not shown). Only one out of four attempts to recover a rHPIV1 virus containing all three HPIV3cp45 mutations in the L gene (mutations no. 9 plus no. 10 plus no. 11) was successful. Furthermore, the single successful recovery yielded a virus that contained two additional, adventitious point mutations within the L gene: an L1759Q and a C1832Y substitution. Since these mutations were not present in the original cDNA clone, it is likely that they developed either during rescue or during subsequent passage in cell culture. Also, a recombinant virus containing both the Y942H (no. 9) and L1558I (no. 11) mutations within the L protein could not be recovered. These results suggest that, whereas the combination of mutations at positions 942 and 1558 were compatible in HPIV3 (45), they were incompatible when imported as a pair into HPIV1. However, these two mutations apparently are compatible in HPIV1 when imported as a triplet in combination with the L992F (no. 10) mutant, perhaps also dependent on the further acquisition of second site mutations such as those identified at positions 1759 and 1832.
In HPIV3cp45, the two amino acid substitution mutations imported as a set in the F protein specify a non-ts attenuation phenotype (46) . However, it was not known if one or both amino acid mutations are required for this attenuation phenotype. Therefore, two rHPIV3 mutants were generated, each containing one of the two amino acid substitutions in the F protein (mutations no. 5 and no. 6), and each was viable (Table 2 ). These mutants provided a direct comparison with the rHPIV1 mutants described above containing either one or both F mutations no. 5 and no. 6 (rHPIV1 F:I423V cp45 , rH-PIV1 F:S453T cp45 , and rHPIV1 F:I423V/S453T cp45 ). In total, 15 rHPIV1 and 2 rHPIV3 viruses were recovered.
Characterization of the level of replication of the rHPIV1 mutant viruses in LLC-MK2 cells at permissive and restrictive temperatures. The 15 rHPIV1 viruses bearing one or more of the mutations imported from HPIV3, MPIV1, or RSV were tested for the ability to replicate at permissive temperature (32°C) versus a range of higher temperatures (36 to 40°C) by titration on LLC-MK2 monolayers, which showed that many of the single amino acid substitutions that specified a ts phenotype in the parental heterologous virus from which they were derived also specified a ts phenotype in rHPIV1, including mutations at positions 456 (no. 8), 942 (no. 9), and 1558 (no. 11) of the L protein ( Table 2 ). The rHPIV1s bearing a mutation at amino acid 456 (no. 8) or 942 (no. 9) of the L protein had shutoff temperatures of 38 or 37°C, respectively, while the mutation at amino acid 1558 (no. 11) specified a shutoff temperature of 40°C. Similarly, some of the combinations of mutations imported from HPIV3cp45 specified a ts phenotype in both rHPIV3 (45, 46) and rHPIV1, including recombinants bearing the combination of 3Ј leader and N gene mutations (mutation set no. 1, rHPIV1 3Ј-N V99A cp45 virus), the combination of Y942H and L992F mutations in the L protein (rHPIV1 Y942H/L992F cp45 ; no. 9 plus no. 10), the combination of L992F and L1558I L protein mutations (rHPIV1 L: L992F/L1558I cp45 ; no. 10 plus no. 11), or a combination of all three mutations in L (rHPIV1 L:Y942H/L992F/L1558I cp45 ; no. 9 plus no. 10 plus no. 11) ( Table 2 ). The L992F (no. 10) mutation in the L protein alone did not confer a ts phenotype in HPIV1, but it did in HPIV3cp45 (45) ( Table 2 ). However, its inclusion augmented the level of temperature sensitivity, i.e., lowered the shutoff temperature, of the L1558I (no. 11) mutation in the virus rHPIV1 L:L992F/L1558I cp45 ( Table 2) .
The imported F:S453T cp45 and HN:R386A cp45 mutations were at residues that were not conserved in the homologous positions in HPIV1 and HPIV3 (Fig. 1) . Interestingly, although the A450T (no. 6) mutation did not specify the ts phenotype in HPIV3, the corresponding F:S453T cp45 mutation did so in the rHPIV1 background (Table 2) . Likewise, the rHPIV1 HN: R386A cp45 (no. 7) mutation specified the ts phenotype in rHPIV1 (Table 2) but not in rHPIV3 (46) .
The recombinant bearing the non-ts attenuating mutation imported from the C protein of MPIV1 (no. 3; rHPIV1 C:F170S MPIV1 ) was also non-ts in HPIV1 ( Table 2) . Several of the non-ts mutations imported from HPIV3cp45, including those at position 102 in the C protein (no. 2), position 195 in the M protein (no. 4), or position 423 of the F protein (no. 5), also did not confer a ts phenotype in rHPIV1 ( Table 2) .
Characterization of the level of replication of mutant rHPIV1s in hamsters. The ability of the 15 rHPIV1 mutants containing either a single mutation imported from HPIV3cp45, MPIV1, or RSV or a combination of mutations imported from HPIV3cp45 to replicate in the upper and lower respiratory tract of hamsters was examined. The peak level of wild-type HPIV1 replication in the respiratory tract of hamsters occurs on day 4 postinfection. The level of replication of the rHPIV1 mutants in the upper (nasal turbinates) and lower (lungs) respiratory tract of infected hamsters on day 4 was compared to that of wild-type rHPIV1, wild-type rHPIV3, or rHPIV3cp45 control viruses (Table 3) . Among the single amino acid mutations, rHPIV1 bearing the L protein Y924H (no. 9) or F456L (no. 8) mutation or the C protein F170S mutation (no. 3) specified a 100-fold or greater reduction in replication in both the upper and lower respiratory tract of hamsters compared to that of the unmodified parent virus. This finding identified three new highly attenuating mutations for HPIV1. Two of these mutations were of the ts variety, namely Y942H (no. 9) and F456L (no. 8) in the L protein, while the third was non-ts, namely F170S (no. 3) in the C protein. A fourth mutation, the L1558I mutation in the L protein (no. 11), resulted in a 100-fold restriction of replication in the lower but not the upper respiratory tract of hamsters and represents an additional attenuating ts mutation.
Combinations of HPIV3cp45 mutations in the L protein of HPIV1 resulted in an increase in attenuation. The combination of the Y942H and L992F L protein mutations (no. 9 plus no. 10) was somewhat more restrictive for the lower respiratory tract of hamsters than the virus containing the Y942H (no. 9) mutation alone, and the combination of both the L992F and L1558I mutations (no. 10 plus no. 11) was more restrictive for replication in both the upper and lower respiratory tracts than either the L992F (no. 10) or L1558I (no. 11) mutation alone ( Table 3 ), indicating that in addition to contributing to the ts phenotype, the L992F mutation contributed to an attenuation phenotype. The mutant rHPIV1 containing the combination of all three of the L mutations imported from HPIV3cp45 (no. 9 plus no. 10 plus no. 11) was more highly restricted for replication than mutants bearing any two of the L mutations (Table  3) ; however, it is not known to what extent the other two adventitious mutations in the L protein (L1759Q and C1832Y) that arose during recovery of this virus from cDNA might have contributed to its attenuation phenotype.
In both rHPIV1 and rHPIV3, the combination of the two mutations in F (no. 5 plus no. 6) resulted in a virus that was more attenuated than either single mutant alone and yielded the most attenuated rHPIV1 mutant of the set of 15 tested. In comparison, rHPIV1 bearing the single F protein mutation S453T (no. 6) was restricted only about 30-fold in both the upper and lower respiratory tracts of hamsters, while the other single F protein mutation, I423V (no. 5), conferred less than a 6-fold reduction in replication. Recombinant HPIV3s bearing either of the HPIV3cp45 F protein mutations alone were neither restricted for replication in hamsters (Table 3) nor ts ( Table 2 ). This finding indicates that, for HPIV3, the two cp45 F mutations are required to be present together to confer the non-ts att phenotype. In comparison, rHPIV1 containing both mutations (rHPIV1F:I423V/S450T) possessed both the ts and c See Fig. 1 and Table 1 . d Indicates the number of animals used to calculate the titer, representing either one (6), two (12), or three (18) independent experiments, respectively. e SE, standard error. f Values in bold represent a 100-fold or greater reduction in titer compared to the titer of the respective wild-type rHPIV1 or rHPIV3.
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att phenotypes, and the double-mutant virus was more restricted in vivo than its HPIV3 counterpart. The recombinant viruses in this study were examined for their level of replication on day 4 postinfection. Future studies are planned to further characterize the level of shedding over a 10-day period of rHPIV1 candidate vaccines containing appropriate sets of attenuating mutations in a nonhuman primate animal model such as the African green monkey. It was of interest to compare the effect of each of the cp45 mutations in the HPIV1 backbone versus that of HPIV3 with respect to the ts and att phenotypes (Table 4) . Interestingly, a number of the HPIV3cp45 mutations had a more profound phenotypic effect in the rHPIV1 backbone than in that of HPIV3. For example, three rHPIV1 derivatives were both substantially more ts (Ͼ2°C difference) and substantially more att (Ͼ10-fold difference) than rHPIV3 derivatives containing the same mutations: these viruses included the F546L mutation in L (no. 8), the Y942H mutation in L (no. 9), and the combination of the I423Y and S453T mutations in F (no. 5 plus no. 6) that was noted above. A fourth rHPIV1, containing the S453T mutation in F (no. 6), can also be included in this group because it was substantially more ts and moderately more att than its HPIV3 counterpart. Two other rHPIV1 derivatives were not significantly more ts than their rHPIV3 counterparts but were substantially more att: namely, viruses bearing F170S in the C protein (no. 3) and the combination of L992F and L1558I in the L protein (no. 10 plus no. 11). Two other rHPIV1 derivatives shown in Table 4 were substantially more ts than their HPIV3 counterparts without a significant difference in att: namely, viruses bearing R386A in HN (no. 7) and the set of leader and N gene mutations (3Ј-N V99A; mutation set no. 1). Conversely, the effects of several mutations were greater in the HPIV3 backbone than in that of HPIV1. Specifically, in three cases, the att phenotype was greater in HPIV3 than in HPIV1; these include the S102T C mutation (no. 2), the L992F L mutation (no. 10), and the combination of the Y942H and L992F L mutations (no. 9 plus no. 10). In the remaining three mutants, there was either a lack of significant phenotype in either viral backbone or an inconsistent difference between the effect in HPIV3 versus that in HPIV1. There was no apparent pattern indicating whether or not the wildtype amino acid assignments at the importation sites in HPIV1 were conserved between HPIV1 and HPIV3.
Immunization of hamsters with rHPIV1 mutants and efficacy against challenge with the biologically derived wild-type HPIV1/Wash/64. Hamsters were immunized with selected rHPIV1 mutant viruses and, after 35 or 36 days, were challenged with a biologically derived wild-type HPIV1. Attenuated rHPIV1 vaccine candidates bearing the C:F170S (no. 3), L:F456L (no. 8), L:L992F (no. 10), or L:L558I (no. 11) single mutation or the L:L992F/L558I (no. 10 plus no. 11) pair of mutations induced both a neutralizing antibody response in serum and resistance to HPIV1 challenge (Table 5) . Three other viruses were overattenuated for hamsters, as indicated by a poor antibody response to infection and a lack of induction of protection against challenge; these include those bearing the L:Y942H (no. 9) single mutation, the F:I423V/S453T (no. 5 plus no. 6) combination, or the L:Y942H/L992F/L1558I (no. 9 plus no. 10 plus no. 11) combination (Table 5 ). The remaining tested mutant, bearing the combination of Y942H/L992F (no. a See Fig. 1 and Table 1 .
b Underlined values indicate at least a 2°C reduction in shutoff temperature or a Ͼ10-fold reduction in replication for the indicated virus compared to its heterologous counterpart bearing the same mutation(s).
c Data from the present studies and from previous studies (12, 45, 46, 49) of rHPIV1 compared to rHPIV3. d The C protein F170S mutation in MPIV1 resulted in a 10 5 -fold reduction in the 50% lethal dose compared to the wild-type virus in mice and an approximately 1,000-fold reduction in replication in the lungs of infected mice (16) .
e The L protein F521L mutation in RSVcpts530 resulted in a shutoff temperature of 39°C and a 10-fold reduction of replication in the upper respiratory tract of mice (27).
9 plus no. 10), induced a low-to-moderate level of HPIV1-specific antibody in serum and protection against challenge.
DISCUSSION
The ability to introduce predetermined mutations into live recombinant virus via reverse genetics provides tremendous flexibility for developing improved live-attenuated virus vaccines. However, it is necessary to have a specific strategy for developing attenuated derivatives from the wild-type recombinant parent. Wild-type HPIV1 was recently recovered from cDNA (39) , but there was a complete lack of any known mutations that attenuate HPIV1. However, other studies with recombinant HPIV3 have shown that attenuating mutations could be developed by importing known attenuating mutations from related heterologous viruses into HPIV3 by using sequence alignments as a guide (12, 49) . In the present study, this strategy was used to identify a series of point mutations that confer the att phenotype when imported singly or in combination into HPIV1, which provides a strategy for the expedited development of live-attenuated HPIV1 vaccine candidates.
One of the major sources of the mutations that were evaluated for importation into HPIV1 was the HPIV3cp45 virus, which is an excellent HPIV3 vaccine candidate that exhibits a satisfactory balance between attenuation and immunogenicity and retains the attenuation phenotype after replication in vivo (29, 30) . This phenotypic stability is provided by four single attenuating mutations and one pair of attenuating mutations, namely, one non-ts mutation in C, a set of two non-ts mutations in F, and three independent ts mutations in L (45, 46) . HPIV3cp45 also contains nine other mutations involving nucleotide substitutions in noncoding regions or amino acid substitutions; none of these was significantly attenuating when introduced previously into wild-type HPIV3 on its own or in several combinations (45, 46) , although the possibility exists that these additional mutations contribute to the cp45 phenotype when present with the full complement of mutations. Out of the total of 15 amino acid or nucleotide differences between HPIV3cp45 and its wild-type parent (46, 51) , 12 of these, including the 5 single or paired att mutations, could be imported into rHPIV1 to attempt to rapidly produce an HPIV1 vaccine. However, a viable rHPIV1 vaccine bearing all 12 mutations could not be recovered from cDNA. We also found that one set of L protein mutations, namely, Y942H and L1558I (no. 9 plus no. 11), could also not be recovered in infectious virus and that the set of all three cp45 L protein mutations (no. 9 plus no. 10 plus no. 11) could be recovered only at a reduced efficiency and only with the acquisition of adventitious mutations in L. While this finding indicated that incompatibility among L protein mutations might be involved in the inability to recover HPIV1 containing all 12 cp45 mutations, we were also unable to recover rHPIV1 containing a subset of 9 mutations that did not include the 3 in L. Thus, there was also apparently an incompatibility within this subset of nine. Since this strategy of importing the full set of cp45 mutations into rHPIV1 did not yield a vaccine candidate, we next sought to pursue a second strategy previously employed for RSV and HPIV3 vaccine development (4, 8, 10, 36) , namely, the identification of individual attenuating mutations that then can be assembled in various combinations of two or more mutations into an rHPIV1 vaccine candidate. The importation of mutations, both singly and in combinations, into rHPIV1 from HPIV3cp45 and also from mutants of MPIV1 and RSV identified a series of mutations in C, F, and L that each imposed a 100-fold or greater reduction in replication of rHPIV1 in the upper or lower respiratory tract of hamsters.
Two attenuating mutations in C, one from HPIV3cp45 and one from MPIV1, were introduced into rHPIV1. The mutation (Table  4) . The amino acid residue 102 in C is not conserved between HPIV3 and HPIV1, which might explain its lack of attenuation in the rHPIV1 background. In contrast, the F170 residue in C (no. 3) is conserved among MPIV1, HPIV1, and HPIV3, and its importation from MPIV1 into both rHPIV3 (12) and HPIV1 conferred an attenuation phenotype for both the upper and lower respiratory tract of hamsters (Table 4 ). In MPIV1, the F170S mutation in C also conferred a high level of attenuation of replication in the lower respiratory tract of mice (16) . It was previously found that the F170S mutation in the C protein of HPIV3 also specified a high level of attenuation in nonhuman primates (12) , indicating that the ability of this mutation to attenuate parainfluenza viruses in vivo operates in three different viral backbones, MPIV1, HPIV1 and HPIV3, and in three different animal species, mice, hamsters, and African green monkeys. Hamsters infected with a recombinant HPIV1 bearing the F170S mutation in C were protected against challenge with wild-type virus. Thus, the F170S mutation has three desirable properties for incorporation into an rHPIV1 vaccine candidate: it imparts a non-ts attenuation phenotype and is immunogenic and protective. The attenuation conferred by the F170S mutation in C of MPIV1 (no. 3) is most likely based on the ability of the set of four C proteins (CЈ, C, Y1, and Y2) to modulate the host's immune response by inhibition of interferon (IFN) signaling through the Jak/Stat pathway by targeting Stat 1 for degradation (17) (18) (19) . The F170S mutation in MPIV1 inhibited the ability of the C protein to bind Stat 1 (17) . Also, the F170S mutation is associated with a loss in the ability of MPIV1 to inhibit the induction of IFN-␤ by infected cells (52) . Thus, it is reasonable to hypothesize that the attenuation phenotype of the F170S mutation in HPIV1 similarly reflects the loss of the ability to inhibit both the induction of IFN-␣ and IFN-␤ and the establishment of an IFN-mediated antiviral state. It is becoming increasingly clear that attenuation of a variety of respiratory viruses can be achieved by mutation in a protein whose function is to inhibit the host's IFN response (15, 19, 20) .
A second non-ts att mutation was previously identified in the F gene of HPIV3cp45, involving a set of two amino acids (I420V and A450T, no. 5 plus no. 6) that were substituted for those in wild-type HPIV3 F. However, the phenotype associated with each mutation individually in HPIV3 had not been investigated previously. In the present study, we found that neither of the individual amino acid substitutions in F of HPIV3 conferred the att phenotype in hamsters, indicating that the two amino acid substitutions act synergistically. In both rHPIV1 and rHPIV3, the conserved I420V mutation (I423V in HPIV1; no. 5) did not specify the ts or att phenotype when present as a single mutation (Table 4 ). In contrast, in HPIV1, the nonconserved S453T mutation (no. 6) specified both the ts and a partial att (32-fold reduction in replication) phenotype as a single mutation. The double mutant rHPIV1 F:I423V/S453T was highly ts, whereas in the HPIV3 background the homologous mutants were not ts. Thus, the nonconserved substitution at residue 453 in HPIV1 specified an unexpected phenotype in both the single and double mutants.
The double rHPIV1 I423V/S453T mutant was also the most attenuated rHPIV1 mutant identified ( Table 4 ), indicating that the two mutations act synergistically in HPIV1, as is the case for HPIV3. This greater level of temperature sensitivity and attenuation of the F gene mutation pair in HPIV1 than in HPIV3 might be a partial explanation for our failure to isolate the rHPIV1cp45 derivatives bearing this pair of F mutations in the context of other HPIV3cp45 mutations, since this virus was the least efficient of all of the mutants for replication in vitro at the permissive temperature of 32°C. Although the double mutant was overattenuated in hamsters, the hamster is not a natural host, and the virus might be less restricted and appropriately attenuated in humans. Thus, the single S453T or the double I423V/S453T mutation might be useful attenuating mutations in an rHPIV1 vaccine.
Four amino acid substitutions were introduced individually or in various combinations into the L polymerase of HPIV1. One, the F456L mutation imported from the L gene of RSV cpts530 (no. 8), specified the ts and att phenotypes when introduced into either HPIV1 or HPIV3 (49) ( Table 4 ). However, in both RSV and HPIV3, this mutation specified only a modest ts attenuation phenotype in the upper respiratory tract of hamsters (27, 49) . In contrast, the L protein F456L mutation in rHPIV1 conferred a higher level of temperature sensitivity and was highly attenuating for replication in the respiratory tract of hamsters (Table 4) . Although it was highly attenuated for replication, it did provide partial protection against challenge with wild-type HPIV1 in the lower respiratory tract of hamsters.
It has previously been demonstrated that each of the three cp45 mutations in the L protein imparted both the ts phenotype and an att phenotype when placed individually into an rHPIV3 wild-type backbone (45) . In HPIV1, the L protein mutations at amino acids 942 (no. 9) and 1558 (no. 11) specified both the ts and att phenotypes, but the mutation at position 992 was not ts and was only weakly attenuating, specifying a 40-fold restriction in replication in the lower respiratory tract alone. rHPIV1 mutants bearing various combinations of the three cp45 mutations were recovered, and the following observations were made. First, it was not possible to isolate an rHPIV1 mutant containing the pair of mutations at 942 and 1558, even though this double mutant was readily recovered and propagated in the HPIV3 background (45) . In addition, it was difficult to isolate a mutant containing all three mutations, and the triple mutant that was isolated has adventitious mutations in L that might have been necessary for its rescue. These observations suggest that complex interactions are occurring among the L gene mutations in the rHPIV1 background, as has been previously observed in the HPIV3 background (45) . Second, combining the cp45 L mutations in rHPIV1 led to an increase in temperature sensitivity or attenuation. Third, of the three tested combinations of the three cp45 L protein mutations, two (Y942H/L992F, no. 9 plus no. 10; and Y942H/ L992F/L1558I, no. 9 plus no. 10 plus no. 11) were overattenuated in the hamster, while the third (L992F/L1558I, no. 10 plus no. 11) induced a neutralizing antibody response and resistance to HPIV1 challenge in hamsters. This finding indicates that such a combination of mutations might be useful in an HPIV1 vaccine.
Thus, 8 of 15 rHPIV1 mutants bearing imported individual or combined mutations from heterologous paramyxoviruses were moderately (40-fold) to highly (100-to 5,000-fold) attenuated for replication in either the lower or upper respiratory tract of hamsters. Both non-ts and ts attenuating mutations were identified. Immunization of hamsters with rHPIV1 mutants bearing one or two such imported mutations induced resistance to challenge with wild-type HPIV1. It should now be possible to begin to produce live-attenuated HPIV1 vaccine candidates containing multiple ts and non-ts mutations that are both genetically stable and immunogenic. Live-attenuated HPIV1 vaccines can also serve as vectors for the glycoproteins of heterologous viruses to protect against the disease caused by HPIV1 and other human pathogens, as has been demonstrated for BPIV3 and HPIV3 (13, 43, 44, 47, 48) .
